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U nruptured intracranial aneurysms (UIAs) are common vascular lesions with an estimated prevalence of 3% to 5% in the general population. 1 The relatively low lifetime rupture rate, 2 whereas high morbidity and mortality associated with rupture, and not negligible frequency of treatment-related complications put a dilemma whether or not to treat UIAs. 1 Although recent studies have clarified that wall inflammation plays an important role in the pathophysiology of aneurysm rupture, [3] [4] [5] it remains an interdisciplinary challenge to predict UIAs that are prone to rupture. Vessel wall imaging (VWI) makes it possible to visualize aneurysm wall structures, and aneurysm wall enhancement (AWE) has been suggested as a novel marker of unstable aneurysms with mural inflammation. 6, 7 However, the clinical relevance and mechanism of AWE in UIAs remain unclear, mainly because of lack of enough histopathologic data. In the present study, we evaluated UIAs with available histopathologic tissues to explore the significance of VWI in the clinical work-up of aneurysm patients.
Materials and Methods
The data and analytic methods of this study are available on request from the corresponding author.
Patients
The authorized local ethical committee approved this study, and all patients with ≥1 UIAs scheduled for surgical clipping or endovascular coiling from April 2017 through March 2018 were examined VWI. Patient with allergy to contrast media or with renal dysfunction (estimated glomerular filtration rate <30 mL/min per 1.73 m2) was excluded. All enrolled patients provided written informed consent to participate in the study.
Imaging Protocol
All patients were consecutively scanned utilizing a 1.5 T magnetic resonance (MR) scanner (Signa Explorer; GE Healthcare Ltd, Tokyo, Japan) equipped with an 8-channel head coil. The protocol included 3-dimensional time-of-flight MR angiography for localization of subsequent scans, and T1-weighted 3-dimensional blackblood fast-spin-echo with high-resolution MR imaging (MRI; CUBE T1) before and after administration of Gd-BT-DO3A (Gadovist, Bayer Schering Pharma, Berlin, Germany) at 0.1 mmol/kg. Detailed scan parameters for CUBE T1 were listed (Table I in the online-only Data Supplement).
and Alcian blue stain. In addition, immunostaining was done for CD 31 (endothelial cells) and CD 68 (macrophages).
Image Analysis
Two raters (Drs Ono and Sakamoto) evaluated aneurysm walls separately with reference to the vessel anatomy shown by time-of-flight MR angiography. First, native VWI was evaluated if aneurysm wall structures could be identified. The presence of AWE was evaluated qualitatively using subtracted image between precontrast and postcontrast enhancement in multiple planes. In case of disagreement between 2 raters, a consensus was found by discussion. Interobserver accordance was assessed using the kappa coefficient. Statistical analyses were performed with the JMP statistical package (JMP 13, SAS Institute Inc, Cary, NC).
Results
A total of 49 consecutive patients with 59 UIAs was recruited to VWI in a year. Nine aneurysm specimens were available for histopathologic examination from 9 patients in whom partial resection of the wall of the aneurysm sac was safely achieved.
Visualization of the aneurysm wall is categorized into 4 patterns (Figure in the online-only Data Supplement). Interobserver accordance was almost perfect for identification of wall structure in native VWI (0.88, 95% CI, 0.75-1.00) and AWE (0.92, 95% CI, 0.82-1.00). All sites of wall enhancement corresponded to aneurysm wall structures detected by native VWI (Pattern A in the online-only Data Supplement; Figure 1 ). There were 3 aneurysms in which part of the aneurysm wall was visualized without contrast, but wall enhancement was not seen (Pattern B in the online-only Data Supplement; Figure 2 ). No aneurysm showed wall enhancement if its walls were invisible on native VWI (Pattern C in the online-only Data Supplement). For 40 aneurysms, there was neither detection of the aneurysm walls nor wall enhancement (Pattern D in the online-only Data Supplement; Figure 3 ). Histological examination from 9 UIAs was summarized (Table II in the online-only Data Supplement). Five resected specimens corresponded to lesions with AWE on VWI. In these specimens, thickening of the vessel wall (≈500-800 µm) and development of vasa vasorum were commonly observed, with abundant macrophages infiltrating around the sites of neovascularization. Despite the wall thickening, elastic fibers and cellularity were obviously decreased in the media with replacement by mucinous degeneration. One specimen corresponded to sites where there was no contrast enhancement, despite visualization of aneurysm wall structures. The other 3 specimens corresponded to aneurysms that were not visualized on VWI. These 3 specimens showed a thin aneurysm wall (<200 µm) with retention of cellularity and elastic fibers, as well as infiltration of a few macrophages.
Discussion
The present study investigated VWI findings of UIAs and focused on the correlations with histopathologic aneurysm wall architecture. Our histopathologic investigation suggested that wall thickening accompanied by atherosclerosis, neovascularization, and abundant infiltration of inflammatory cells play an important role in the pathophysiology of AWE, as previously speculated. 7 The origin of infiltrating inflammatory cells that promote aneurysm wall degeneration remains unclear. A strong correlation has been hypothesized between A 78-year-old man had an unruptured intracranial aneurysm of the right middle cerebral artery. A, The wall structure of the fundus was partially visualized by native vessel wall imaging (arrow). B, There was no aneurysm wall enhancement. Note that the enhanced structure is a vessel alongside the aneurysm (arrow). C, Intraoperative view shows the whitish aneurysm body and a reddish area at the tip (*), which was resected after clipping. The enhanced structure along the aneurysm actually corresponds to an adherent vein (arrow). D, The resected specimen shows a heterogeneous wall structure: the reddish wall is thin but retains elastic fibers, whereas the whitish wall is thickened mucinous degeneration of tunica media without neovascularization or inflammation (CD 68; Pattern B in the online-only Data Supplement.
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atherosclerotic factors and wall degeneration in unstable aneurysms. 8 The intracranial arteries lack vasa vasorum at birth and it has been suggested that atherosclerosis is important in the development of these vessels. 9 In contrast, thin aneurysm walls showing less degeneration and neovascularization were not associated with enhancement. Detailed knowledge of the correlations between VWI and histopathology of UIAs is clinically significant, especially in relation to whether AWE can help to identify unstable UIAs.
We found that wall degeneration in UIAs was not associated with wall thickness. As shown in our representative figures, a thin aneurysm wall that did not display contrast enhancement contained cellular elements and collagen fibers, while a thickened wall with contrast enhancement instead contained abundant inflammatory cells with mucinous degeneration. Wall enhancement could imply degeneration of the aneurysm wall in remodeling process with inflammation. However, the potential mechanisms of aneurysm expansion and rupture could be various and have been explained on the basis of wall thinning and hemodynamics.
1 At this moment we could not conclude that AWE could suggest unstable aneurysms prone to rupture.
According to histopathologic studies, aneurysm walls are individually heterogeneous with a thickness of ≈0.02 to 0.5 mm for berry aneurysms. 10 Not all aneurysm walls could be visualized even by ultrahigh field 7T MRI, 11 mainly because of limited spatial resolution, rendering this imaging method inadequate to visualize all the components of such submillimeter structures. Thus, structures visualized in part or all of an aneurysm represented thickening of the wall, presumably because of atherosclerosis. Although no aneurysms demonstrated pattern C in the online-only Data Supplement (invisible aneurysm structure in native VWI but positive AWE) in the presented study, this result should be carefully interpreted. The presented study revealed relatively low visualization of AWE (27%), presumably because of a result of poor signal-to-noise ratio and large slick thickness. Detection of aneurysm wall would rely on each MRI sequence and field strength.
Limitations
First, the patient population was small and biased because surgical treatment was scheduled. However, visualization of the walls of small aneurysms would be beyond the capacity of current imaging methods. Also, only medium-sized aneurysms (>5.3 mm), mostly from the middle cerebral artery were histologically investigated. However, the histopathologic wall architecture of saccular UIAs should not vary among locations. Finally, MRI was performed with a conventional magnetic field strength (1.5T), not providing high signal-to-noise on VWI. High field MRI (3T or higher) would be more suitable for evaluating such tiny structures.
Summary
VWI can visualize thickened aneurysm walls and associated wall enhancement corresponds to histological neovascularization and inflammation characterized by abundant macrophage infiltration of the aneurysm wall. Firm conclusions about risk assessment of UIAs using VWI cannot be drawn from the present findings, but prospective studies could be expected to improve detection of unstable aneurysms. 
